Abstract: A novel fuzzified Clustered Gravitational Search Algorithm (CGSA) has been employed for solving multi-objective problem formulated for solar based distributed generation. Optimal sizing and placement of solar distributed generation is considered. High solar penetration can lead to high-risk level in power system reliability. In order to maintain the system reliability, solar power dispatch is usually restricted based on the reliability level of the system. Two conflicting objective functions such as power loss and reliability level of the system are also considered for solving optimal placement of solar distributed generation (SDG). Binary coded CGSA is employed for solving optimal placement of SDG and sizing is determined using real coded CGSA. The fuzzy membership function for each objective is designed and multi-objective optimal placement problem has been presented. The proposed method is validated on IEEE standard 69-bus radial distribution networks. The efficiency of the proposed optimization technique is validated by comparing the results with other results available in the existing articles.
INTRODUCTION
Many power electric utilities around the world have been forced to change their way of operation from vertically integrated mechanism to open market system during the nineties, which is referred to as the "Deregulation of Power Industry". The deregulation of power industry is motivated by bringing competition among utility companies, new choices for customer, and economic benefits. Competition brings innovation, higher efficiency and lower costs, which is a win-win situation for both suppliers and consumers. Some other critical forces that drive power industry into deregulation are: the global economic crisis, more demanding environmental issues, and managerial inefficiency in regulated companies. The deregulation and environmental concerns bring interest in distributed generation (DG).
DG refers to power generation at the point of consumption. Compared to the conventional centralised power plants, DG are sustainable, are smaller, and can be installed on or close to the customers to deliver power rather than the conventional way of transmitting power from centralized power plant over transmission. DG are expected to increase in the future.
Renewable generation technologies can make a significant contribution to the on-site power generation in developing countries. The use of solar energy sources is increasing throughout the world due to the concern regarding the benign nature to the environment. Solar based distributed generator (SDG) sources can reduce power loss and improve the quality of service with better voltage regulation. The recent growth of distribution technology provides an effective way for the use of renewable energy in the micro grid [1, 2] . The distribution system defined by the Federal Energy Regulatory Commission is subject to reliability standards established through the North American Electric Reliability Corporation (NERC) as the Enforcement and Removal Operations (ERO) of United States of America (USA) [3] . The economic and technological growth of any nation depends on the reliable operation of electric power system. This forces the power utilities to consider reliability issues in the distribution system operation and control.
A literary review of DG placement problem models and the different solution techniques are given in [4, 5] with merits and demerits. A voltage stability index [6, 7] and power stability index [8] are developed for optimal placement of DG in distribution systems. A new analytical expression is proposed in [9] for finding optimal size of distributed generation and it is noticed that optimal power factor of DG for minimizing losses is in close agreement with load power factor and depends on location as well. In recent years, major focus of the system operators, decision makers and various stakeholders is to understand the current status, barriers and challenges for better planning and management in the field of solar based power generation [10] .
Numerous techniques have been developed to incorporate reliability level as a constraint in the formulation of DG placement problem [11] . Maintaining the reliability level is an important task in the distribution system when considering a renewable distributed generator. The main idea of this article is maximizing the reliability level simultaneously handled in addition to the distribution system loss function and the proposed problem becomes multi objective optimization problem. Fuzzy based algorithms provide an efficient platform for solving the multi objective optimization problem. Hence, in this paper, fuzzified clustered gravitational search algorithm (CGSA) is also attempted to solve DG placement problem.
The aim of this paper is to implement reliability level of the distribution system as an objective function in a multi-objective optimal SDG placement problem. Fuzzy set theory affords an excellent platform for incorporating analytical and heuristic approaches in order to attain a more practical multi-objective problem formulation. The fuzzy membership function is designed and proposed for each objective function based on the nature of the objective. In this paper, a clustered GSA equipped with new workforce and integrated with fuzzy to solve multi-objective optimal SDG placement problem is proposed. The paper is organized as follows: Section 2 describes the problem formulation and Section 3 deals with review of clustered gravitational search algorithm. Results and Discussion are illustrated in Section 4 and Conclusion is outlined in Section 5.
PROBLEM FORMULATION
Modelling of power loss function and reliability of the distribution system for multi-objective SDG placement problem is presented below.
Power Loss Index (PLI) Function
Power Loss Index (PLI) is formulated by the Eq. (1) 
Where: P L and P L-NODG are the total real power losses with and without DG units in the distribution system, respectively. The total real power loss (P L ) is calculated using Eq. (2).
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Where: P i , P j , Q i , Q j and R ij are net real , reactive power and line resistance in bus i and j respectively; V i , V j and δ i , δ j are the voltage and angle at bus i and j respectively. The above problem formulation is solved subject to the constraints listed below.
Voltage constraints:
Current limits:
Where: |V i | min and |V i | max are the minimum and maximum limit of voltage in bus i; |I ij | max is the maximum limit of current in bus i and j.
Distribution System Reliability Index Function
Reliability model of solar generation, solar radiation model and solar based generation models are outlined in the proceeding section.
Reliability Model of Solar Generation
It is important to place SDG in areas of high mean annual solar radiation. The relation between the power output and solar radiation is shown in Fig. 1 .
Figure 1 Power curve of Solar Distributed Generation
The power curve of SDG is mathematically [12, 13] expressed in Eq. (7). The SDG generated power P bi (G bi ) corresponding to a given solar radiation G bi for band i (i = 1, …, N b ) can be obtained using Eq. (7) with N b being the total number of bands. 
Where: P bi and G bi are the solar radiation-to-energy conversion and forecasted solar radiation at band i; G std is the solar radiation in the standard environment set usually as 1,000 W/m 2 ; R c is certain radiation point set usually as 150 W/m 2 ; P sn is the equivalent rated capacity of the SDG (MW).
The solar energy conversion system contains one or more SDG. A SDG has two basic parts, namely solar resources and actual solar power generation system. 
Solar Radiation Model
The conventional generating units can be modeled as a two state model for the reliability evaluation [14] . But, two state model is not suitable to reliability evaluation of solar cell generator (SDG) due to unstable solar radiation. Therefore, the multi-state model of operation of SDG forms a chain style as shown in Fig. 2 .The multi state Solar radiation (SR) model of Jeju Island for the year 2007 is taken from [22] . The multi-state SR model, shown graphically in Fig. 3 , based on the observed solar radiation can be reduced to different multistate Solar Radiation Capacity Outage Probability Table (SRCOPT) using rounding method [22] .
In this paper, the five-state SRCOPT is formed, since it provides a reasonable reliability assessment in practical studies [15] . This five-state SRCOPT does not include SDG Forced Outage Rate (FOR). Technical Gazette 25, 4(2018), 1044-1051 
Solar Based Generation Model
Steps to develop SDG COPT including FOR is shown in Fig. 4 . The distribution system reliability index (DSRI) for each hour is calculated by Eq. (8) .
Where: P j is the probability of unavailability of state j obtained from COPT subject to the constraints listed as Eqs. (5) - (6); LC is the load curtailment.
Multi Objective Problem Formulation
The multi-objective optimal SDG placement problem is formulated as in Eq. (9) considering the power loss function and the reliability level of the distribution system simultaneously.
The above equation is solved subject to the constraints listed in Eqs. (5) - (6) . The membership function for best compromise solution based on maximum fitness (FITp) is calculated by using Eq. (10).
Where:
p L µ and p r µ are the membership function values for the objective function PLI and DSRI; m is the total number of non-dominated solutions.
Fuzzy Membership Function Formulation
The membership function for each objective function is designed based on the nature of the objective function, which indicates the level of satisfaction for getting the best compromise solution. The fuzzy membership function value for the objective function PLI and DSRI is calculated using the Eqs. (11) and (12) 
Where: F L,.min , F L,.max are the minimum and maximum value of the objective function among all non dominated solutions respectively; F r,.min , F r,.avg , F r,.max are the minimum, average and maximum value of the DSRI function; F L , F r are the degree of the PLI and DSRI in the fuzzy domain.
GRAVITATIONAL SEARCH ALGORITHM
In this algorithm, the coordinates or the agents in the search space are considered as masses. All these masses attract each other according to laws of Gravity and form a direct means of communication through it.The agents or particles in the algorithm follow the principles of Law of Gravity and Law of Motion [16, 17] .
Consider a system with N agents and the position of the i th agent being defined by the coordinates,
, , ..., , ..., for 1, 2, ...,
d is the position of the i th agent in the d th dimension. At any time instant, the gravitational force acting on the i th particle due to the effect of the j th particle is given by, 
Capacity level in % Probability
Where: G(t) is gravitational constant at time t, ε is a small constant; M aj (t) and M pi (t) are the active and passive gravitational masses related to the particle j and i, R ij (t) is the Euclidian distance between the particles (or agents) i and j which is given by,
To give a random nature to the search, it is considered that the total force acting on the system (F i d (t)) is given by the weighted sum of the forces acting on the particle in the d th dimension due to all the other particles. It is given by the Eq. (15),
where rand j is a random number in the interval [1, 0] . 
where M ii is the inertial mass of the i th particle or agent. Position and velocity of agent is calculated by the following Eqs. (17) - (18),
where rand i is a random number in range [0, 1] to give a random characteristic to the search. Gravitational constant will reduce with time to control the speed and accuracy of the search, while its initial value shall be given earlier.
where, G 0 is the initial value of gravitational constant at the first cosmic time interval. Fitness evaluation gives the value to the gravitational and inertial masses, a higher fitness shows more efficient agent, resulting in more attraction and slow movement. The masses are calculated using the following Eqs. (20) - (22). 
Initially all the agents apply force at the time of exploration is going on. For better results in the final part of the search, the exploration fails and exploitation starts where only few more efficient agents continue to apply force. In order to avoid into local minima, exploration is allowed initially and gradually shifted to exploitation where only Kbest agents apply force. This Kbest set is decreased gradually to make the necessary change. The total force acting on the system incorporating Kbest set is given by Eq. (25) as,
where Kbest is the set of more efficient agents with more masses. This means that near the end of the iteration, nearly 2% of the initial particles shall only apply force. Many recent pieces of literature cited that GSA is successfully implemented for solving discrete and continuous optimization problem. In this paper, Clustered method is used to improve the performance of GSA which is discussed in the proceeding section.
Clustered Gravitational Search Algorithm
In this paper, a grouping method is proposed to balance the exploration and exploitation in GSA. Here the entire population is divided into three groups, namely the Leader, the follower and the freelancer. The best solution at the end of first iteration are Leaders particles. Each leader shall guide a group of optimizers and work together like a simple GSA population will search for optimum solution thereafter. The last group, the freelancers shall be randomly initiated for every iteration to keep the search active. Each group of those led by a leader and the freelancers shall have a best particle. The best out of these bests shall be the final best particle of the iteration. Based on the requirement of the function, the ratio of population of Leader, follower and the freelancer can be tuned. Now there is no form of communication between the sub populations so they would always be searching independently (and exploring), rather than exploiting at the same place. The problem of exploitation is solved by the subgroups themselves. They exploit their local search spaces to get a minimum out of that region while since they do not communicate the exploration happens. The flowchart for the implementation of CGSA in the multi objective SDG placement problem is shown in Fig. 5. 
Implementation of CGSA for Solving DG Placement Problem
In the optimal placement of SDG problem, binary numbers 1 and 0 are used to indicate the DG status (i.e., 1 indicates the DG is connected to the bus and 0 indicates DG is not connected to the bus). In GSA used in [16] , the problem variables are real number, thus some modifications are required to deal with the binary variable optimization problem. As per the method given in [18] , the real variable algorithm is converted into binary variable algorithm and implemented to solve optimal placement of SDG problem. The proposed binary coded CGSA finds the optimal location of SDG whereas the size of the SDG is determined by using real coded CGSA.
Start
Randomly initialize the population of generation that show energy generated by all thermal unit and WTG For each agent, determine the generation of fuel cost, SR cost, penalty for not using rated wind energy, penalty for over estimation of wind energy, SR requirement due to low wind energy availability.
?
Is all the constraints satisfied 
Implementation of CGSA for Solving Sizing Problem
The grid integration points and sizes of DG units are determined by maximizing the FIT given in Eq. (10) using CGSA. The stepwise procedure for solving DG sizing is given below. a) First Initialize the Number of DG unit is zero. Then determine the base case line flow, real and reactive power loss, and reliability index of the distribution system without any DG units. b) Calculate the real power penetration at each bus to find the maximum limit of DG at particular bus. c) Proper value of NDG is selected and then initialized the CGSA. d) Make a random solution set of specified population size for NDG number of DG location-size pairs in the binary coded CGSA e) For each population of binary CGSA, the real values are generated for the binary bit 1 based on the limit of the DG. f) Compute the performance indices such as PLI and DSRI for each solution set. g) FIT value is calculated for every solution set. From that, best solution is memorized with maximum fitness value. h) For next iteration, the new position is obtained by implementing the CGSA algorithm. i) The above steps f to h will be repeated until the iteration reaches maximum value. j) Print the results; end.
RESULTS AND DISCUSSION
All programs are developed in MATLAB 10b and run on system with Core 2 Duo 3.07 GHz processor. Two case studies are discussed to validate the proposed methodology on IEEE standard 69-bus radial distribution networks. In case 1, the CGSA is used to solve optimal placement of SDG problem by considering the system loss as a single objective function and the results are compared with the results available in the published literature. In case 2, multi objective optimal placement problem is solved using fuzzified CGSA. High solar power penetration in the distribution system can lead to high-risk level in distribution system reliability. In order to maintain the system reliability, in case 2, optimal location and sizing of SDG is determined by considering two conflicting objective functions such as power loss and reliability level of the distributed system.
Case 1
The system data for 69 bus system is adopted from [19] . The system power loss is calculated as per the method suggested in [19] . The proper tuning of the CGSA parameters will result in better solution and good converge behaviour. Hence, the CGSA parameters are optimally tuned using trial and error method by conducting more than 15 simulations with each parameter settings.
The optimal tuned parameter to determine the optimal location and sizing of single and multiple SDG for 69 bus system is given in Tab. 1. Tab. 2 shows the best location and sizing of single DG for case 1. It is noted that the objective function is significantly minimized in the proposed CGSA and it is able to provide better quality solution than other solution techniques available in the literatures. Also, the CGSA is tested to determine the optimal location of multi DG on 69 bus system. Tab. 3 shows the best location and sizing of three DG for case 1 and it is observed that the total system losses are significantly reduced compared with GA [20] , PSO [20] and GA-PSO [20] . Also, the sizing of SDG has greatly optimized with the proposed CGSA method. 
Performance Analysis
The algorithm efficiency and the performance of the proposed algorithm is validated by solving the optimal location and sizing of DG problem using standard GA, PSO and GSA and the results are discussed. In all the four solution techniques (GA, PSO, GSA and CGSA), the population size and the maximum number of iterations are fixed as the same. Also the random generated initial population is considered as same for all four algorithms. Tab. 4 shows the comparison of result CGSA with GA, PSO and GSA. Convergence behaviour of GA, PSO, GSA and CGSA is shown in Fig. 6 . From Tab. 4 and Fig. 6 , it can be concluded that the CGSA is computationally efficient and has high frequency of achieving best result than other considered algorithms like GA, PSO and GSA. 
Case 2
Power system reliability can be affected by high solar diffusion. Therefore, to maintain the system reliability, solar power dispatch is restricted based on reliability level of the system. Therefore, the SDG location and sizing method discussed under section 4.1 does not provide a satisfactory solution.
Hence, it stresses the need for the formulation of multi objective optimal placement and sizing problem to obtain a best compromise solution between the Power loss and Reliability level. In the proposed methodology, the two contradictory objective functions such as power loss and reliability level of the system are considered to solve optimal placement of SDG problem.
In this section, the location and sizing of SDG is determined by considering the objective function power loss and reliability level simultaneously using Fuzzified CGSA. The fuzzy membership function is used to determine the best compromise solution. Typical available minimum and maximum rating of SDG in the market is from 1 MW to10 MW [21] .
Modelling and Simulation of Solar Irradiation Data
The determination of a proper solar radiation for a solar panel location is a complicated process. It is required to collect solar irradiation historical data over a significant period of time.
In [22] , the common solar irradiation model is developed to obtain the solar irradiation probability distribution for any geographical location. The only data that are required are the annual mean (ω) of the solar irradiation for that site. In this section, the rated capacity of the SDG is considered as 4 MW. As per the steps given in section 2.2.3, the outage capacity for SDG is calculated for the above specification and given in Tab. 5. The best compromise solution for optimal location and sizing of multi SDG at different solar irradiation is given in Tab. 6. From Tab. 6, it has been proved that, if the solar irradiation decreases, then the reliability level of the distribution system also decreases and power loss gets increased. It is evident that, if the solar irradiation is known for any particular site, then the corresponding output of SDG can be calculated using the proposed methodology.
CONCLUSION
In this paper, the Gravitational Principle has been used to search the optimum solution. The proposed fuzzy based CGSA has been presented for solving multi objective optimal placement and sizing of SDG problem. The problem has been formulated as a multi objective problem with distribution system losses and reliability level of the distribution function. The fuzzy set theory is implemented to eliminate the dependence of entire global preference information of decision maker in a multi objective problem and give a single compromise solution. Thereby, the limitation such as the trade-off between the system losses and reliability level of the distribution system in selecting a feasible solution from a set of population solutions is circumvented. The results presented for the selected test system established the fact that the proposed CGSA approach is superior to the other considered algorithms. The proposed methodology can be very well extended to the smart grid environment with demand side management, which is deemed to be fit for future scope of research.
